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BRIEF DEFINITIVE REPORT
        Regulatory T (T reg) cells play an essential role 
in controlling autoimmunity (  1  ). The absence 
of T reg cells in mice and humans because of 
a defi  ciency in the forkhead transcription factor 
FoxP3 leads to multiorgan autoimmune disease 
(  2-5  ). The vital function of FoxP3  +   T cells 
in maintaining normal immune homeostasis is 
demonstrated by the fatal consequence of deple-
tion of these cells in normal adult mice (  6  ). Pe-
ripheral function, stability, and survival of T reg 
cells are essential to maintain immune homeo-
stasis. Defects in IL-2 production or IL-2 re-
ceptor expression interfere with the peripheral 
survival of T reg cells and lead to the loss of self-
tolerance (  7  ). Similarly, blockade of the CD28  –
  B7 pathway in autoimmune-prone, nonobese 
diabetic mice leads to exacerbated autoimmu-
nity (  8  ). This autoimmunity aff  ects multiple 
organs, including pancreatic islets, exocrine 
pancreas, salivary glands, thyroid, and peripheral 
nervous tissues (  1  ). Thus, T reg cells are essential 
to the maintenance of self-tolerance and the pre-
vention of both organ-specifi  c and systemic auto-
immune diseases. 
  MicroRNAs (miRNAs) are small, single-
stranded RNA molecules (21  –  22 nucleotides in 
length) with the potential to regulate endog-
enous gene expression in immune homeostasis 
(  9, 10  ). miRNAs are transcribed as long tran-
scripts (pri-miRNAs), cropped into hairpin-shaped 
pre-miRNAs, and processed by Dicer into the 
short RNAs that are responsible for the post-
transcriptional regulation of expression of mul-
tiple mRNAs and, hence, protein. Thus, the 
elimination of Dicer abolishes miRNA produc-
tion and subsequent function (  11  ). 
  Previous studies (  12  ) have demonstrated that 
miRNAs play an important role in the thymic 
development of T reg cells. However, the in-
volvement of miRNAs after T reg lineage com-
mitment was less clear because eff  ector T (Teff  ) 
cells with dysregulated miRNAs are function-
ally impaired or even prone to autoimmunity 
through a mechanism involving miRNA-me-
diated mRNA decay (  13  ). 
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  A new regulatory T (T reg) cell  –  specifi  c, FoxP3-GFP-hCre bacterial artifi  cial chromosome 
transgenic mouse was crossed to a conditional Dicer knockout (KO) mouse strain to analyze 
the role of microRNAs (miRNAs) in the development and function of T reg cells. Although 
thymic T reg cells developed normally in this setting, the cells showed evidence of altered 
differentiation and dysfunction in the periphery. Dicer-defi  cient T reg lineage cells failed to 
remain stable, as a subset of cells down-regulated the T reg cell  –  specifi  c transcription 
factor FoxP3, whereas the majority expressed altered levels of multiple genes and proteins 
(including Neuropilin 1, glucocorticoid-induced tumor necrosis factor receptor, and cyto-
toxic T lymphocyte antigen 4) associated with the T reg cell fi  ngerprint. In fact, a signifi  -
cant percentage of the T reg lineage cells took on a T helper cell memory phenotype 
including increased levels of CD127, interleukin 4, and interferon     . Importantly, Dicer-
defi  cient T reg cells lost suppression activity in vivo; the mice rapidly developed fatal 
systemic autoimmune disease resembling the FoxP3 KO phenotype. These results support a 
central role for miRNAs in maintaining the stability of differentiated T reg cell function in 
vivo and homeostasis of the adaptive immune system. 
© 2008 Zhou et al.  This article is distributed under the terms of an Attribu-
tion–Noncommercial–Share Alike–No Mirror Sites license for the fi  rst six months 
after the publication date (see http://www.jem.org/misc/terms.shtml). After six 
months it is available under a Creative Commons License (Attribution–Noncom-
mercial–Share Alike 3.0 Unported license, as described at http://creativecommons
.org/licenses/by-nc-sa/3.0/).1984   MICRO RNA S   CONTROL REGULATORY T CELL FUNCTION IN VIVO   | Zhou et al. 
only a wild-type band, suggesting that the   Dicer   locus was sensi-
tive to Cre recombination and was effi   ciently deleted in T reg 
cells. Further evidence for effi   cient Dicer deletion in T reg cells 
was based on real-time PCR analyses to quantify fl  oxed   Dicer   
alleles. The level of the fl  oxed   Dicer   allele in YFP  +   T reg cells 
from homozygous   Dicer  lox/lox     KO mice was   <  10% of the control 
levels found in the mouse tails and sorted CD4  +  GFP/YFP         
non  –  T reg cells from the same animal. Finally, we observed 
  In this report, we test the role of miRNAs in mature T 
reg cell function by crossing a FoxP3-GFP-hCre transgenic 
(Tg) mouse to a conditional Dicer knockout mouse (  Dicer  lox/lox    ) 
to inactivate miRNA generation selectively in T reg cells (  14  ). 
Disruption of Dicer in T reg cells at the time of fi  rst FoxP3 
expression did not aff  ect thymic T reg cell development. 
However, the peripheral miRNA-defi  cient T reg cells rap-
idly adopt an eff  ector-like phenotype with overlapping fea-
tures of Th1, Th2, and T reg cells, and altered cytokine 
profi  les and cell-surface expression of T reg cell markers, and 
they failed to stably express FoxP3. The T reg cell  –  specifi  c 
FoxP3-GFP-hCre   Dicer  lox/lox     KO mice rapidly develop sponta-
neous systemic autoimmune disease similar to the disease ob-
served in T reg cell  –  defi  cient FoxP3 KO mice. 
    RESULTS AND DISCUSSION   
  Generation of bacterial artifi  cial chromosome (BAC) 
Tg mice that enable GFP and Cre recombinase expression 
in FoxP3  +   cells 
  We developed a Foxp3 promoter  –  driven BAC Tg mouse 
strain that carries a fusion protein containing GFP fused to 
the N-terminus of a codon-optimized hCre (see Materials 
and methods;   Fig. 1 A  ).   Phenotypic analyses of the Tg mice 
showed that GFP  +   cells were uniformly CD4  +  , with the ma-
jority CD25  bright   and CD127  low   (  Fig. 1 B  ), as previously de-
scribed for the T reg cell subset (  15  ). The GFP  +   T cells were 
overwhelmingly FoxP3  +   based on intracellular staining of 
endogenous FoxP3 in the LN, spleen, and thymus (  Fig. 1 C  ). 
Functional activity of Cre was tested by breeding the Cre 
Tg mouse line to a yellow fl  uorescent protein (YFP) reporter 
mouse, termed ROSA26R-YFP (  16  ). The majority of GFP  +   
cells from the LNs of FoxP3-GFP-hCre   ×   ROSA26R-YFP 
mice were YFP  +   cells, as noted by the fact that the overall 
fl  uorescence intensity of YFP was a log greater than the GFP 
signal (Fig. S1 A, available at http://www.jem.org/cgi/content/
full/jem.20080707/DC1). Two-color analyses of GFP and YFP 
further showed that   >  95% of the GFP  +   cells in the LN (  Fig. 
1 D  ) and spleen were YFP  +  , demonstrating the high specifi  c-
ity and effi   ciency of the FoxP3-GFP-hCre mice. However, 
a subset of     10% T reg cells spontaneously lost FoxP3 ex-
pression in vivo in healthy wild-type animals (  Fig. 1 D  ). We 
were unable to distinguish whether the YFP  +   GFP        cells have 
transiently expressed FoxP3 (as has been found in human T 
cells) or were a consequence of unstable T reg cells (bona fi  de 
T reg cells that have lost Foxp3). However, similar observa-
tions have been made by using a FoxP3-cre knock-in system; 
thus, we are confi  dent that this is not an artifact of our BAC 
Tg system (  17, 18  ). 
  Selective Dicer disruption in T reg cells 
  To address the role of miRNAs directly in T reg cells, the 
FoxP3-GFP-hCre mice were bred to a conditional   Dicer  loxlox     
mouse (  14  ), in some cases together with an ROSA26R-YFP 
allele, as indicated in the fi  gures. Genomic PCR analysis was 
used to assess Dicer deletion in T reg cells (Fig. S1, A and B). 
CD4  +   YFP  +   cells from   Dicer  wt/lox     mice (Dicer Het) displayed 
    Figure 1.         Generation of FoxP3-GFP-hCre BAC Tg mice.   (A) The 
fi  nal BAC Tg construct used for generating mice. (B) Flow cytometric 
analysis of LN cells from 8-wk-old Tg mice indicated specifi  c transgene 
expression in CD4  + CD25 high CD127 low   T cells. The percentage of cells in 
each quadrant is indicated. (C) Intracellular FoxP3 staining revealed that 
GFP expression in the thymus, LN, and spleen was restricted to FoxP3  +  
cells. (D) To monitor hCre activity in vivo, FoxP3-GFP-hCre Tg mice were 
crossed to YFP reporter mice. Flow cytometric analysis of GFP or YFP 
expression in CD4 T cells from LN or spleen shows specifi  c and effi  cient 
reporter activation. The percentage of cells in each gated population 
is indicated.     JEM VOL. 205, September 1, 2008  1985
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  Dicer-defi  cient T reg cells are not a stable lineage 
  Transcript microarray analyses were performed on RNA 
extracted from sorted CD4  +  YFP  +   T cells (  >  95% pure) iso-
lated from LNs of 1-mo-old Dicer Het versus Dicer KO mice 
(Fig. S1 A). Based on a   t   test with cutoff   p-values of   <  0.05, 
and a fold change of   >  2, 686 probe sets were found to be dif-
ferentially regulated in these two populations (  Fig. 4 A  ; and 
Table S1, available at http://www.jem.org/cgi/content/full/
jem.20080707/DC1).   481 probe sets (393 genes) were observed 
to be up-regulated in Dicer KO T reg cells. 
  Several well-documented genes involved in IFN-     pro-
duction increased in Dicer KO YFP  +   cells, including T-bet, 
the master regulator of Th1 cells, and Eomes, a paralogue of 
T-bet. Previous studies (  20  ) have shown that ectopic expression 
a substantial decrease in the levels of two representative ma-
ture miRNAs, miR15b and miR142-5b, in the homo  zygous 
mice in the LN CD4  +  YFP  +   cells, consistent with effi   cient 
miRNA elimination in Dicer-defi  cient T reg cells (Fig. S1 C). 
Collectively, these results suggested that the Cre recombinase 
was active and selectively deleted the critical Dicer RNaseIII2 
domain, leading to a subsequent loss of miRNAs in FoxP3  +   
and their progeny cells. 
  Phenotypic analysis of conditional Dicer-defi  cient 
T reg cells 
  2-wk-old mice were examined for changes in T reg cell 
development in the thymus, a phenotype previously observed 
in conditional Dicer KO mice bred to Lck-Cre or CD4-Cre 
strains (  12  ). There was no diff  erence in the percentages of the 
individual CD4  +  CD8  +   double-positive thymocytes, as well 
as CD4  +   and CD8  +   single-positive (SP) T cells, consistent 
with the highly specifi  c expression and function of FoxP3-
driven Cre (  Fig. 2 A  ).   There was an equal percentage and ab-
solute number of T reg cells in the thymus when the control 
  Dicer  wt/lox     mice (Dicer Het) were compared with   Dicer  lox/lox     
(Dicer KO) FoxP3-GFP-hCre mice, based on both expres-
sion of GFP and FoxP3 protein analyses (  Fig. 2 A  , bottom; 
and not depicted). Similar results were observed in the LN 
and spleen of mice   <  2 wk of age (  Fig. 2 B  ). The percentages 
of FoxP3  +   T reg cells were equivalent in   Dicer  wt/lox     versus 
  Dicer  lox/lox     KO animals. There was no evidence of increased 
apoptosis and only minimal changes in the proliferation of 
the T reg cell subset based on fl  ow cytometric DNA ana-
lyses (unpublished data). These data suggest that deletion of 
Dicer at the time of FoxP3 expression had minimal eff  ects on 
T reg cell development, seeding, proliferation, and survival 
in the peripheral compartments. 
  Splenomegaly and lymphadenopathy were noted in all 
aging FoxP3-GFP-hCre   Dicer  lox/lox     mice (  Fig. 3 A  ).   Although 
there was a dramatic increase in the total number of LN and 
splenic T cells in 4  –  6-wk-old Dicer KO versus Dicer Het 
animals, the percentages of T reg cells (FoxP3  +  ) were largely 
maintained in LN and were reduced to 33% in the spleen 
and peripheral blood (  Fig. 3 B  , right; and not depicted). A 
much more dramatic reduction of the percentage of T reg 
cells was found in the mixed BM chimeras, in which condi-
tional KO BM cells are transferred together with WT BM 
cells isolated from congenic Thy1.1 mice into sublethally ir-
radiated Rag KO hosts (not depicted). These results suggest 
that Dicer KO cells compete poorly with the WT T reg 
cells, consistent with an earlier observation demonstrating 
similar T reg cell instability in a FoxP3-attenuated mouse 
model (  19  ). 
  CD4  +  FoxP3  +   T reg cells from Dicer KO mice appeared 
more   “  activated,  ”   as there was an overall increase in the 
mean fl  uorescence of CD25, cytotoxic T lymphocyte antigen 
4 (CTLA4), CD69, and glucocorticoid-induced TNFR. In 
addition, the Dicer KO T reg cells contained a higher per-
centage of CD103  +   T cells and signifi  cantly more CD62L  lo   
cells (  Fig. 3 C  ). 
    Figure 2.         Normal thymic T reg cell development and seeding of 
the peripheral compartments in the FoxP3-hCre   Dicer  lox/lox     model.  
(A) Flow cytometric analysis was performed on 2-wk-old FoxP3-GFP-hCre 
  Dicer  wt/lox    (Het) and FoxP3-GFP-hCre   Dicer  lox/lox    (KO) mice for CD4, CD8, 
and FoxP3 expression. CD4  +   SP thymocytes were analyzed for concomi-
tant GFP and FoxP3 expression, illustrating equal relative expression of 
FoxP3  +   cells in the thymus in Dicer wild-type and Dicer-defi  cient T reg 
cells. The percentage of cells in each gate is indicated. (B) Similar results 
to A were obtained in the LN and spleen.     1986   MICRO RNA S   CONTROL REGULATORY T CELL FUNCTION IN VIVO   | Zhou et al. 
from 86  –  94%) of the CD4  +  YFP  +   cells isolated from Dicer 
Het mice express FoxP3 at 4  –  7 wk of age, based on both GFP 
and FoxP3  +   protein (  Fig. 1 D   and   Fig. 4 B  ; and Fig. S2, avail-
able at http://www.jem.org/cgi/content/full/jem.20080707/
DC1). In contrast, a mean of 38% (ranging from 17  –  52%) of 
CD4  +  YFP  +   cells from the Dicer KO mice were FoxP3        (  Fig. 
4 B  ), a phenotype resembling the FoxP3-defi  cient T reg cells. 
There was a clear correlation between age and the increase in 
the number of CD4  +  YFP  +  Foxp3        cells (Fig. S2). 
  The gene expression profi  le of the Dicer KO YFP  +   T cells 
might refl  ect either the dysregulation of FoxP3 function and/or 
the loss of FoxP3 expression by a signifi  cant subset of the 
FoxP3 lineage cells. It was unlikely that the diff  erential gene 
expression was coming from the FoxP3 protein  –  negative 
population, because the microarray experiment was done us-
ing Dicer KO mice in which     80% YFP  +   cells were Foxp3  +  . 
Indeed, the expression of multiple genes (including Neuro-
pilin-1, IFN-    , IL-10, GADD45, CCR5, Satb1, and Gzmb) 
was altered in the miRNA-defi  cient GFP  +   T reg cells iso-
lated from either Dicer Het or Dicer KO mice (  Fig. 4 C  ). 
Expression of Neuropilin-1 and GPR83 (unpublished data), 
both quintessential FoxP3-dependent T reg cell markers, were 
down-regulated in conditional Dicer KO T reg cells. In con-
trast, IFN-    , IL-10, and granzyme B (  Fig. 4 C  ), as well as IL-4, 
GADD45, CCR5, and Satb1 (not depicted), were highly 
expressed in the Dicer KO FoxP3  +   T reg cells. IFN-     ex-
pression was further confi  rmed by intracellular staining. Al-
most 5% of Dicer KO CD4  +  GFP  +   cells, treated with PMA and 
ionomycin in the presence of monensin, expressed IFN-     as 
of Eomes was suffi   cient to induce IFN-    . Interestingly, Eomes 
also regulates granzyme B (  20  ), another gene found to be 
highly dysregulated in the Dicer KO YFP  +   but also KO GFP  +   
cells (  Fig. 4 C  ). Finally, other related genes including, Runx3, 
another Th1-specifi  c transcription factor that cooperates with 
T-bet to enforce specifi  cation of the Th1 lineage (  21  ), and 
GADD45 (  22  ), which mediates the activation of the p38 and 
c-Jun N-terminal kinase mitogen-activated protein kinase 
pathways and IFN-    , were also elevated. Development of the 
Teff   cell phenotype and dysregulation of the IFN-     pathway 
has been shown in the FoxP3 KO cells marked by a FoxP3 
promoter  –  driven GFP transgene (  23  ). In fact, a comparison of 
the genes expressed diff  erentially in Dicer Het versus Dicer 
KO T reg cells and FoxP3  +   WT versus FoxP3  +   KO T reg 
cells showed a signifi  cant overlap. Among the     650 diff  er-
entially regulated genes,     100 genes (112 probe sets) were 
dysregulated in FoxP3-defi  cient T reg cells (  Fig. 4 A  ; and 
Table S2, available at http://www.jem.org/cgi/content/full/
jem.20080707/DC1). Most notably, the expression of the 
T reg cell transcriptional program often linked to Teff   cells 
(including Gzma, Gzmk, Gzmb, Il4, Ccl1, Runx2, Ccr5, 
Cxcl10, Tbx21, and IFN-    ) was up-regulated in both KO 
cell types (  Fig. 4 A  ). 
  One important function of FoxP3 is stabilization of the T 
reg lineage through a positive feedback loop that enhances 
FoxP3 expression (  24  ). Therefore, we tested T reg lineage 
stability in Dicer KO mice by examining the expression of 
FoxP3 in conditional Dicer KO versus Dicer Het T reg cells 
marked by expression of YFP. Approximately 89% (ranging 
    Figure 3.         Phenotype of miRNA-defi  cient T reg cells.   (A) Splenomegaly and lymphadenopathy in   >  5-wk-old FoxP3-GFP-hCre   Dicer   lox/lox    (KO)  mice. 
Data are representative of   >  10 mice. (B) LN and spleen T cell subsets in 4  –  6-wk-old mice. Absolute numbers of CD4  + FoxP3       and  CD4 + FoxP3 +   cells 
were calculated by multiplying the percentage of cells determined by FACS by the absolute cell number per tissue. Data represent means   ±   SD (  n   =  5). 
(C) LNs were harvested at 5 wk from FoxP3-GFP-hCre   Dicer   wt/lox    (Het) and FoxP3-GFP-hCre   Dicer   lox/lox    (KO) mice and analyzed for the indicated cell-
surface markers gated on CD4  + FoxP3 +   lymphocytes.   JEM VOL. 205, September 1, 2008  1987
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independent or downstream targets of Foxp3 are functionally 
defective in the absence of miRNAs. 
  Up-regulation of genes in the Dicer KO cells could be a 
direct result of the loss of relevant mature miRNAs, which 
control gene expression through binding to the 3     untranslated 
compared with   <  0.6% in Dicer Het T reg cells (  Fig. 4 D  ). 
Interestingly, we observed dysregulation of another FoxP3-
regulated protein, CD127, on the FoxP3  +   Dicer KO T reg 
cell population (  Fig. 4 E  ). The dysregulation of IFN-    , Neu-
ropilin-1, and CD127 in cells expressing FoxP3 indicated that 
    Figure 4.         miRNA-dependent T reg lineage stability.   (A) Overlap of the gene expression profi  le of Dicer KO T reg cells and FoxP3-defi  cient T reg cells. 
LN CD4  + YFP +   T cells (  >  95% pure) from FoxP3-GFP-hCre   ×   ROSA26R-YFP   Dicer  wt/lox    (Het) and FoxP3-GFP-hCre   ×   ROSA26R-YFP   Dicer  lox/lox    (KO)  mice 
(    30 d old) were isolated by fl  ow cytometry. The genes expressed differentially in Dicer KO versus Het T reg cells were compared with the published data 
of FoxP3 KO versus FoxP3  +   T reg cells (reference   23  ). Two-dimensional scatter plot of those common gene expression values is shown. Gzma, Lilrb4, Gzmk, 
Gzmb, Tbx21, INF-    , Cxcl10, Ccr5, Cd55, IL4, Sesn1, and Prg4 are highlighted. (B) FoxP3 expression in sorted CD4  + YFP +   cells was examined by fl  ow cytom-
etry analysis. Numbers on bracketed lines indicate the percentage of cells in each gated population. Each symbol represents one mouse (from 4 to 7 wk). 
Small horizontal lines indicate the mean. (C) Levels of mRNA for the indicated genes in CD4  + GFP +   (FoxP3-expressing cells) from 5-wk-old FoxP3-GFP-
hCre   Dicer  lox/lox    (KO) mice were determined by real-time PCR analysis. Data represent the mean   ±   SD. (D) IFN-     production was examined by intracellular 
cytokine staining. FoxP3 expression in CD4  + GFP +   was  confi  rmed by intracellular FoxP3 staining (left, continuous lines); dotted lines indicate CD4  + GFP      
cells. (right) The percentage of IFN-     cells from several Het and KO mice. Each symbol represents one 4  –  6-wk-old mouse. Small horizontal lines indicate 
the mean. (E) CD127 expression of the same cell subset is shown. Mean, mean fl  uorescence intensity.     1988   MICRO RNA S   CONTROL REGULATORY T CELL FUNCTION IN VIVO   | Zhou et al. 
    Figure 5.         T reg cell  –  specifi  c Dicer ablation results in the loss of suppressor function in vivo.   (A) Flow cytometric analysis of activation markers on 
Teff cells reveals strong activation of nonregulatory (GFP      YFP      ) cells. LN and spleen cells from 5-wk-old FoxP3-GFP-hCre   ×   ROSA26R-YFP   Dicer  wt/lox    (Het) 
and FoxP3-GFP-hCre   ×   ROSA26R-YFP   Dicer  lox/lox    (KO) mice were stained for CD4 and the indicated proteins. Teff cells were gated on CD4  + GFP     /YFP       lym-
phocytes and analyzed for CD44, CD62L, and CD69 expression. For analysis of intracellular CTLA4, cells were stained with FoxP3 antibody and gated on 
FoxP3        cells to distinguish T reg cells from Teff cells. (B) Percentage of CD4  + CTLA4 + FoxP3       Teff cells from wild-type and KO mice (4  –  6 wk old) from LNs 
and spleen. Each symbol represents one mouse. Small horizontal lines indicate the mean. (C) Flow cytometric analysis illustrates massive cytokine production JEM VOL. 205, September 1, 2008  1989
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by CD4  + GFP     /YFP       effector cells from 5-wk-old FoxP3-GFP-hCre   ×   ROSA26R-YFP Dicer KO but not FoxP3-GFP-hCre   ×   ROSA26R-YFP Dicer wild-type 
mice. The percentage of cells in each quadrant is indicated. (D) Paraffi  n-embedded histological sections of lung and liver from 5-wk-old mice were fi  xed 
and stained with hematoxylin and eosin (  n     >   5). (E) Frozen sections of the FoxP3-GFP-hCre   Dicer  lox/lox    (KO) mice in D were stained for the presence of CD4  +  
and CD8  +   T cells. Visualization was done with DAB substrate (Vector Laboratories) and was followed by hematoxylin counterstain. Bar, 50   μ m.   
 
region sequence. T reg cells and conventional CD4  +   T cells 
have diff  erent miRNA profi  les (  12  ). Therefore, we mined 
relevant T reg cell  –  specifi  c mRNA expression data to deter-
mine if their up-regulation correlated with the presence of 
predicted miRNA binding sites to a selected set of miRNAs 
preferentially expressed in T reg cells (miR-15b, miR-16, 
miR-21, miR-22, miR-23a, miR-23b, miR-24, miR-27b, 
miR-29c, miR-30a, miR-103, miR-125a-3p, miR-146a, 
miR-149, miR-155, miR-191, miR-207, miR-214, miR-223, 
and miR-297a). We used miRDB, an miRNA target predic-
tion and functional annotation database (  25  ). Of 393 genes 
that were observed to be up-regulated in Dicer KO T reg 
cells, 114 genes (29%) have potential target sites for the 
regulated miRNAs. These include several key genes such 
as CD127, IFN-    , Eomes, Socs3, Runx2, FasL, and Smurf2 
(Table S3, available at http://www.jcb.org/cgi/content/full/
jcb.20080707/DC1). Down-regulation of CD127 and IFN-     
in T reg cells is Foxp3 dependent (  26  ), yet Dicer KO T 
reg cells express high levels of IFN-     and CD127 even in 
cells expressing FoxP3. It is interesting to note that these 
genes have binding sites for the miRNAs found by Cobb 
et al. (  12  ) to be overexpressed in T reg cells (miR-214 and 
miR-27b for CD127, and miR-27b for IFN-    ). These re-
sults strongly suggest that additional regulation might occur 
through miRNAs that act downstream of Foxp3 in the regu-
lation of this gene product. 
  T reg cell  –  specifi  c Dicer ablation results in the loss 
of suppressor function in vivo 
  Aging FoxP3-GFP-hCre Dicer KO mice began to resemble 
FoxP3 KO mice. The majority of LN and splenic CD4  +  YFP        
or FoxP3        T cells from Dicer KO mice down-regulated 
CD62L expression and increased expression of CD44, CD69, 
and CTLA4, consistent with an activated phenotype (  Fig. 5 A  ).   
The number of CTLA4-expressing CD4  +  FoxP3        eff  ectors 
increased from   <  10% of splenic and LN CD4  +   T cells in Dicer 
Het and   Dicer  wt/wt     (Wt) littermates to   >  50 and   >  70% in Dicer 
KO LNs and spleens, respectively (  Fig. 5 B  ). Intracellular 
cytokine production was assessed in the PMA plus ionomycin  – 
activated CD4  +  YFP        T cells from FoxP3-GFP-hCre   ×   
ROSA26R-YFP Dicer wild-type or Dicer KO mice. Less than 
1% of the LN or splenic T cells from control mice expressed 
IL-10, IL-4, IFN-    , or IL-17. In sharp contrast, a signifi  cant 
percentage of Teff   cells (YFP       ) from T reg cell  –  specifi  c Dicer 
KO mice expressed high levels of IL-4, IL-10, and, especially, 
IFN-     (  Fig. 5 C  ). Thus, the increased eff  ector function was 
secondary to the miRNA defect, which was limited to only 
the T cells that expressed or had once expressed FoxP3. 
  All of the conditional Dicer KO mice were dead by 6  –  8 wk 
of age. Clinical signs of disease included weight loss, reduced 
mobility, and a hunched back. Both lung and liver tissues were 
extensively infi  ltrated with mononuclear cells similar to the 
  infi  ltrates observed in the FoxP3 KO mouse (  Fig. 5 D  ). Lungs 
of both Scurfy and Dicer KO tissue exhibited dense, predomi-
nantly peribronchovascular mononuclear infi  ltrates (  Fig. 5 D  ), 
consistent with an autoimmune disease. The infi  ltrate was 
composed of both CD4  +   and CD8  +   T cells, not unlike what 
has been observed in other T reg cell  –  dependent lymphopro-
liferative diseases and FoxP3-defi  cient mice (  Fig. 5 E  ). 
  In summary, these results demonstrate that miRNAs are 
essential in maintaining FoxP3 expression and controlling lin-
eage specifi  city within the T reg cell subset. The newly gen-
erated FoxP3-GFP-hCre mouse strain allowed us to focus on 
the peripheral eff  ects of miRNA disruption, because Dicer 
deletion occurred only after the T cells had fully committed 
to the T reg lineage. The specifi  c loss of miRNA processing 
led to a severe T reg cell dysfunction in the periphery, leading 
to a high morbidity and mortality at 4  –  8 wk of age, which re-
veals the central role of miRNAs in controlling T reg cell 
function in vivo. T reg cell  –  specifi  c miRNA ablation resulted 
in a much more aggressive lymphoproliferative disease than 
miRNA ablation in all CD4  +   T cells and closely resembled 
the Scurfy phenotype (  12  ). The relatively mild disease found 
in the CD4-Cre   ×     Dicer  lox/lox     mouse strain suggests a role of 
miRNAs in regulating the activation, migration, and/or function 
of conventional T cells, thus masking the severity of the T reg 
cell defect caused by impaired conventional T cell function. 
Dicer-defi  cient T reg cells failed to keep the T reg lineage 
stable and also developed a Teff   cell  –  like phenotype. Strik-
ingly, the YFP  +   or GFP  +   cells isolated from T reg cell  –  specifi  c 
FoxP3-GFP-hCre   Dicer  lox/lox     KO mice produced IFN-     and 
expressed a memory cell marker, which indicated that some 
of the FoxP3 functions might be defective in the absence of 
miRNAs. The detailed study of which miRNAs are directly 
involved in T reg cell stability remains to be defi  ned. However, 
there have been a large number of miRNAs that have been 
identifi  ed in T reg cells, including some that are diff  erentially 
expressed in this subset and regulated by Foxp3 (  12, 27  ). 
Many potential gene targets of the T reg cell  –  enriched miRNAs 
increased after Dicer ablation, including CD127 (a predicted 
target of miR-214 and miR-27b) and IFN-     (miR-27b), 
even in Foxp3  +   cells. These results support the notion that at 
least some miRNAs act downstream of Foxp3 in T reg cells 
to control autoimmunity. 
  The detailed mechanism of how miRNAs regulate T reg 
cell function remains a key question for future studies. We 
have performed multiple in vitro suppression assays with the 
isolated T reg cells from Dicer KO mice and have observed 
variable results. The function appeared defective in only 50% 
of the assays performed. It is possible that the overexpression 1990   MICRO RNA S   CONTROL REGULATORY T CELL FUNCTION IN VIVO   | Zhou et al. 
ogies). Statistically signifi  cant diff  erences were analyzed using one-way anal-
ysis of variance when grouped by Dicer KO versus Dicer heterozygotes 
combined with the parametric test at variances not assumed equal (Welch   t   
test), with a p-value cutoff   of   <  0.05 followed by mean fold change cutoff   of 
  >  2. Microarray data have been deposited in the Gene Expression Omnibus 
under accession no.   GSE11818  . 
  Real-time PCR analysis.     Gene expression was measured in real time with 
a sequence detection system (GeneAmp 7900; Applied Biosystems). The 
TaqMan universal PCR Master Mix, and primers and probes for IL-10, Gzmb, 
Neuropilin-1, and GAPDH were purchased from Applied Biosystems. 
Primer sequences for IFN-     were 5    -CATTGAAAGCCTAGAAAGTCT-
GAATAAC-3     (forward) and 5    -TGGCTCTGCAGGATTTTCATG-3     
(reverse). The probe sequence for IFN-    was 5   -FAMTCACCATCCTTTT-
GCCAGTTCCTCCAGTAMRA-3     (Invitrogen). Data are presented and 
normalized to GAPDH using the comparative Ct method (        Ct). 
  PCR analysis of Dicer KO mice.     The conditional fl  oxed allele was geno-
typed using primers DicerF1 (5    -CCTGACAGTGACGGTCCAAAG-3    ) 
and DicerR1 (5    -CATGACTCTTCAACTCAAACT-3    ), as previously 
described (  15  ). The fl  oxed allele produced a 420-bp PCR product, whereas 
a wild-type allele resulted in a 351-bp product and the deletion allele re-
sulted in no PCR product. The same primers were used to quantitate the 
fl  oxed   Dicer   alleles by real-time PCR with the SYBR green PCR Master 
Mix (Applied Biosystems). The FoxP3 promoter sequences 5    -CTGCTGC-
GAGTCTCTGAGTG-3     (forward) and 5    -GGCCGCTATGTGTATG-
GTTT-3     (reverse) were used for normalization. 
  Online supplemental material.     Table S1 shows gene profi  ling of Dicer 
KO versus Dicer Het T reg cells. Table S2 shows overlap of the gene ex-
pression profi  le of Dicer KO T reg cells and FoxP3-defi  cient T reg cells. 
Table S3 provides miRNA target prediction in T reg cells. Fig. S1 shows 
the activity of hCre recombinase, and T reg cell  –  specifi  c Dicer and miRNA 
ablation. Fig. S2 provides a kinetic analysis of Foxp3 stability in Dicer-defi  -
cient T reg cells. Online supplemental material is available at http://www
.jem.org/cgi/content/full/jem.20080707/DC1. 
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